We describe a new electron microscopic on-section staining technique with high specificity and sensitivity for DNAcontaining structures. Lowiuyl HMO sections of specimens obtained by uyofmtion and freeze-substitution are incubated in a fmt step with a primary IgM antibody specific for double-stranded DNA. The layer of bound antibodies at the section surface is amplified in a successive step by a secondary IgG antibody. Finally, electron scattering of the antibody layer produced is enhanced by staining with a mix-
Introduction
A variety of DNA stains have been developed with the aim of detecting DNA specifically at the electron microscopic level. Almost all staining procedures were discovered empirically, and the particular reaction mechanisms or reactive compounds are not yet thoroughly understood or identified. Heavy metal stains such as uranyl acetate, initially thought to be specific for nucleic acids, were shown also to stain proteins rather effkiently (Derksen and Meekes, 1984) . Because they are also unable to distinguish between DNA and RNA, their usefulness is restricted (Biggiogera and Biggiogera, 1989) .
Another type of DNA staining technique is the pre-embedding procedure, which involves particular chemical reactions carried out in solution before specimen dehydration and embedding in resins (Romero et al., 1991; Esquivel et al., 1987; Maranto, 1982) .
The electron microscopic (EM) analogue ofthe well-known DNAspecific Feulgen stain for light microscopy is the osmium ammine stain (Cogliati and Gautier, 1973) . Although specific for DNA, and despite recent preparative improvement (Olins et al.. 1989) , osmium ammine was found to be not sensitive enough to detect Supported by the Swiss National Science Foundation and the Kan- 
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even small amounts of DNA as, for example, present in chloroplasts, mitochondria, or bacterial nucleoids (Hobot et al., 1987) .
A highly selective way to detect DNA on ultra-thin sections was carried out with immunocytochemical approaches using colloidal gold. In this procedure, specific anti-DNA antibodies (IgG or IgM) were directed against single-or double-stranded (ds) DNA present at the surface of thin sections (Hobot et al., 1987; Hansmann et al., 1986) . Hobot et al. (1987) found with one certain anti-DNA serum a significant contrast reversal of the E. colinucleoid relative to the cytoplasm. The observed staining effect was explained by assuming that a particular but unidentified reactive compound must be present in the antiserum.
Our working hypothesis was that antibodies with high affinity to DNA might be closely packed at the section surface, causing the observed staining effect. Consequently, an increase in the thickness of the bound antibody layer should increase the staining.
Employed for staining the bacterial nucleoid of exponentially growing E. coli, this new procedure revealed its intracellular shape with small excrescences of the DNA plasm reaching far into the cytoplasm (Bohrmann et al., 1991) . DNA immunostaining has previously been used for double staining with additional antibodies, which were revealed by colloidal gold labeling (Bohrmann et al., 1990) .
Improvements of the previously applied DNA immunostaining procedure are given in the present report. These allow specific detection of ds DNA with high sensitivity at the EM level. Possible applications of the method are discussed.
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Materials and Methods
Growth of Microorganisms
Bacteria. E. cofi B-cells were grown overnight in M9 minimal medium supplemented with 1% casamino acids at 37°C with permanent aeration. The next day the cells were subcultured for approximately 1.5 hr, corresponding to an average cell density of about 2 x lo8 ml. They are then near the upper limit of exponential growth.
To obtain the spherical nucleoid, E. coli B (1-2 x lo8 cellslml) was treated with 30 pglml chloramphenicol (stock 1 mglml in 100% ethanol) (Sigma; St Louis, MO).
For another study on the recA protein (Ruigrok et al., 1993) E. coli KM 4104::pDR 1453 (1-2 x 10' cellslml) was used. It was treated with nalidixic acid (40 pglml; Sigma) for 60 min to induce the overexpression of recA protein.
Eukaryotes. Eugfena grucifzs was cultivated in "Euglena broth" (Difco; Detroit, MI) for 7 days under an alternating light and dark regimen of 8 hr and 16 hr, respectively, to reach stationary growth conditions. Trypanosomu bruceibrucei STIB 247-L was kindly provided by the Eopeninstitut, Basle, Switzerland. Cells were grown in SDM 79 medium to a density of 2-4 x lo8 cellslml.
A cell culture of the mammalian cell line CV-1 was incubated for 1 day in Eagle's minimum essential medium (Sigma) supplemented with 10% fetal calf serum (Sigma), to obtain subconfluent cell density.
Cryofktion and Freeze-substitution
E. cofi cells were harvested from a liquid culture by filtration for 2 min with permanent aeration on a Nuclepore filter (pore size 0.4 pm). Eukaryotic cells were collected on 1-pm filters. The cells were prepared for cryofiuation according to Hobot et al. (1985) . E. coli and Euglena gracilis cells were mixed by smearing filtered cell deposits onto a paper support immediately before freezing by slamming them onto a liquid helium-cooled, polished copper block at 6K. according to Escaig (1982) . Samples were stored in liquid nitrogen for several days.
The samples were freeze-substituted in acetone containing 3% glutaraldehyde (vlv) in the presence of a molecular sieve (pore size 0.4 nm) (Perlform; Merck, Darmstadt, Germany) to ensure complete dehydration at 185K for 90 hr. The temperature was slowly raised at a rate of A 6.7'Clhr to 228K and kept there for 2 hr. Embedding was done in Lowicryl HM20 at 228K by successive infiltration in the following solutions: 100% acetone for 1 hr; HM20: acetone (1:l) for 2 hr; HM20: acetone (2:l) for 2 hr, HM20 overnight for 16 hr. Samples were further infiltrated for 2 hr with fresh Lowicryl and placed in closed gelatin capsules. The resin was polymerized by indirect uv irradiation (360 nm) for 24 hr at 228K. followed by further hardening at room temperature (RT) for 3 days in w light.
DNA Immunostaining Procedure
To avoid possible interfering crossreactivities of the IgM antibodies used specific for ds DNA with cell proteins, sections were incubated on an aqueous solution of proteinase K (100 pglml; Boehringer, Mannheim, Germany) for 10 min. Incubation steps were carried out in a humid chamber at RT. All washing steps were done as jet-washings:
Incubation on 2% bovine serum albumin (BSA; Boehringer, fraction V) in PBS (86 mM NaCI, 5 mM Na2HP04, 1 mM NaH2P04, pH 7.4) for 10 min to block unspecific binding sites. Incubation with monoclonal IgM specific against ds DNA, 10 pglml in PBS (Clonatec, Paris, France; lot 24083, clone HB-2, or Boehringer, lot 10003399) for 1 hr.
PBS wash.
Incubation with affinity-purified goat IgG directed againn mouse IgM, 50 pglml in PBS (Calbiochem-Behring, La Jolla, CA; lot 40 1221) for 1 hr. PBS wash. Air-drying for 5 min. Incubation with 1% glutaraldehyde in PBS for 5 min. By cross-linking the antibody deposit at the antigenic sites, increased contrast is achieved in the following staining reaction. Thorough washing of the grids with bidistilled water. Air-drying for 5 min. Staining with a freshly prepared aqueous solution of 1 vol 2% potassium permanganate and 1 vol 2% uranyl acetate for 15 min. Thorough washing of the grids with bidistilled water.
Additional staining with lead hydroxide according to Millonig (1961) was employed for some sections for 1 min, as indicated in the figures.
Several controls were carried out. First, the DNA monoclonal antibody (MAb) was omitted. Second, the MAb was pre-incubated with plasmid DNA (pBR 328, 0.1 wglml) in PBS for 1 hr. Third, the secondary antibody was omitted. Fourth, the grids were pre-incubated at 30'C for di&rent lengths of time (1, 2,4, or 8 hr) with 1 mglml DNAse I (Boehringer) in PBS plus 7 mM MaC12. After every 2 hr the reaction mixture was renewed.
Different mixtures of aqueous 2% potassium permanganate and 2 % uranyl acetate (1:5-5:1) were tested. Stock solutions of 2% potassium permanganate and 2 % uranyl acetate could be used for 1 week. The final staining mixture is very unstable and was prepared immediately before use to avoid contamination caused by heavy metal precipitates.
For comparison with colloidal gold immunolabeling, grids were labeled after incubation with the monoclonal IgM specific against ds DNA with a secondary goat anti-mouse antibody coupled to 14-nm colloidal gold (GAM G14; Jansen, Beerse, Belgium) at an antibody concentration of SO pglml in PBS. Sections were fixed with 2% glutaraldehyde in PBS, washed in PBS, and consecutively immunostained for DNA as described above.
Thin Sections
Thin sections were cut with a diamond knife on a LKB ultramicrotome 111 and transferred to Forma-covered, carbon-coated copper grids. The grids were precoated by immersion in diluted Parlodion (0.05% in amyl acetate) to protect them from oxidation. Micrographs were taken with a Zeiss EM 10 at 80 kV.
Results
Bacterial Chromatin
The DNA distribution of the bacterial nucleoid was demonstrated for wildtype E. coli B under different physiological conditions. The nucleoid of E. coli B adopts a spherical shape after treatment with a sublethal dose of the antibiotic chloramphenicol ( Figure 1 ). DNA immunostaining revealed the ds DNA to be distributed rather homogeneously throughout the nucleoid (Figure la ). For comparison, if the air-drying steps before the final heavy metal staining were omitted, the antibody layer tended to aggregate (Figure 1b ). This gave rise to an artificial retraction of DNA immunostain, leaving part of the nucleoidal area uncovered. For DNA immunostaining, a mixture of equal volumes of 2% potassium permanganate and 2% uranyl acetate was found to be most effective in staining bound antibodies and, to a lesser extent, other cell structures. Insufficient staining of bound antibodies was the result of a decrease of the potassium permanganate concentration; increase of the concentration caused a granular background. The oxidizing reagent potassium permanganate is known to form insoluble electron-dense reduction products (Mn02) by reaction with various biological macromolecules. Bound antibodies, which consist essentially of polypeptides, obviously offer a high number of reaction sites and therefore could be stained more intensely than cellular macromolecules, which are exposed only at the surface of the section within a 3-nm relief (Kellenberger et al., 1986) .
Omission of the secondary IgG antibodies decreased contrast of the DNA immunostaining. The deposit of only the primary ds DNA-specific IgM antibody on the spherical nucleoids of chlor-amphenicol-treated E. coli was already visible after heavy metal staining ( Figure IC) , but with considerably reduced contrast compared with sections incubated with the secondary IgG antibody.
The specificity of the DNA detection by the immunostain technique was also controlled by enzymatic digestion. If the ds DNA was specifically removed from the surface of the sections by treating with DNAse I for different periods of time, the immunostaining was progressively diminished ( Figure Id) and was abolished a€ter 8 hr.
The nucleoid structure of a transgenic bacterial strain (JSM 4104::pDR 1453) containing a plasmid encoding for the recA protein was investigated for comparison ( Figure 2 ). The expression of recA protein could be considerably increased by induction with nalidixic acid, after which cells were no longer able to segregate properly but formed long continuous filaments instead. RecA protein is deposited within the cells as inclusion bodies with a striated appearance due to the aligned filaments of polymerized reCA monomers (Ruigrok et al., 1993) . The nucleoid is located in the cell center apart from the inclusion body. No prominent surface extensions or excrescences of the DNA plasm were revealed. Instead, spongeor ring-shaped nucleoids were frequently seen (Figure 2) .
The DNA immunostaining procedure was compared with the conventional colloidal gold labeling technique. Both procedures were applied to the same section, thus ensuring identical conditions for the accessibility of the antibodies used. A significantly higher signal, in terms of the portion of the section surface that could be labeled, was obtained with DNA immunostaining. Colloidal gold was found, as expected, essentially within the immunostained DNA-containing areas missing large parts of the nucleoid (Figure 2a ). The colloidal gold label was apparently unable to detect the ds DNA epitopes within the DNA-containing plasm to the same degree as DNA immunostaining.
Occasionally, we found that DNA immunostaining produced a background over the cytoplasm of eukaryotic cells or, similarly, of E. co/i (Figure 2a ). This could be avoided by proteinase K digestion before the DNA immunostaining procedure. An incubation time of 10 min was sufficient to eliminate unspecific binding sites (Figure 2b) .
Untreated wild-type E. coli B cells are characterized by a specific surface extension of the nucleoid. Cells that were harvested during exponential growth possess highly clefted nucleoids with DNA excresxences reaching far into the cytoplasm (Bohrmann et al., 1991) . This was visible for the DNA-immunostained E. coli B cells surrounding Euglena gracdis (Figure 3a ).
Eukaryotic Chromatin
DNA immunostaining clearly revealed the nuclear DNA, although with marked difFerences in the distribution pattem ofthe condens, 4 chromatin of interphase nuclei of Euglenagracdir (Figure 3) . CV-1 cells (Figure 4a) , and Trypanosoma brucei h c e i (Figure 4b) .
Cells of the unicellular freshwater alga Euglena g r a d . were harvested and immediately cryofixed under stationary growth conditions. Most of the nuclear DNA was detected at distinct sites (Figure 3a) . The stained structures are considered to be chromosomes which, as a unique feature of euglenoids, are visible throughout the entire cell cycle. The intranucleolar chromatin was also clearly detected. In addition, DNA was occasionally found at the periph-ery of chromosomes and within the nucleoplasm between adjacent chromosomes. Controls after omission of the primary antibody against ds DNA were negative for staining the chromosomes of Euglena gracdir and the nucleoids of E. coli (Figure 3b) , and therefore demonstrate the sensitivity and specificity of the DNA immunostaining reaction. Figure 4a shows DNA immunostaining of a CV-1 cell nucleus from a non-confluent cell culture. The condensed chromatin was highly dispersed within the nucleus. The nucleoli were stained at small sites, as well as more regularly at their periphery.
Another distribution of condensed chromatin was shown for the nuclei of Trypanosoma h c e i bmcei cells. DNA immunostaining of a section through a lobed cell nucleus of a cell under stationary growth conditions revealed large stained areas of condensed chromatin. They were mainly accumulated at the periphery of the cell nucleus (Figure 4b) . In contrast, the DNA within the nucleolus appeared to be dispersed rather homogeneously.
In addition to the DNA immunostaining of nuclear chromatin, small regions of DNA-containing plasm could also be detected with high sensitivity in chloroplasts and mitochondria of Euglena gradis (Figure 5 ).
Discussion
We have introduced a new DNA immunostaining method which is highly sensitive and can reveal ds DNA even in small areas at low amounts, such as in the excrescences of the E. coli nucleoid or chromatin in eukaryotic cell organelles.
DNA immunostaining allows an easy and rapid assessment of the DNA distribution of bacterial nucleoids and eukaryotic cell nuclei. For example, the response of the bacterial nucleoid structure to external factors such as antibiotics or specific physiological conditions are easily revealed.
In nuclei of eukaryotes, ds DNA was detected within the condensed chromatin, with exclusion of the majority of the remaining nucleoplasm. This raises a question conceming the actual occurrence and localization of decondensed chromatin or euchromatin, which is defined as chromatin in a metabolizing state being involved in processes such as transcription and replication. During S-phase, rapidly growing cells with a high level of replication and transcription exhibit a highly dispersed condensed chromatin, as revealed with our method. There is increased fragmentation ofthe condensed chromatin masses, which appears to be directly related to the physiological state of the cell. This observation is in line with the view that metabolic activity seems to take place at the irregular boundaries between condensed and decondensed chromatin. Therefore, increased dispersion of the condensed chromatin facilitates the accessibility of an increased part of the genomic DNA to enzymatic reactions.
However, we cannot exclude the possibility that physiologically active DNA, which in eukaryotes is most likely depleted from histones, may be present in the remaining nucleoplasm surrounding the condensed DNA masses. Data concerning the in situ concentration of DNA in bacterial and eukaryotic duomatin were obtained previously by quantitative scanning transmission electron microscopy (STEM) by means of ratio-contrast imaging ( B o h a n n et al. shown to range from 40-80 mglml. This is rather low compared with condensed eukaryotic chromatin, which had a DNA concentration of approximately 200 mglml. Thus, ds DNA that might occur within the nucleoplasm as DNA loops emerging from the condensed heterochromatin must have a DNA concentration considerably below that found for bacterial chromatin as detected by the DNA immunostaining. Assuming that DNA of the euchromatin fraction is detectable by the antibody used specific fords DNA, its concentration must be below the detection limit of the DNA immunostaining technique used.
The method of DNA immunostaining combines the advantages of the high specificity of a primary IgM MAb directed against ds DNA together with a signal amplification step using a secondary IgG against the IgM, and a heavy metal stain that strongly enhances contrast of the bound DNA-IgM-IgG complexes. Thus, the total protein mass of bound antibodies is revealed by a simple heavy metal stain instead, using colloidal gold. As a consequence, DNA immunostaining could detect an increased part of the surface of exposed ds DNA epitopes. This discrepancy can be explained only by assuming that the binding efficiency of the secondary IgG used with colloidal gold coupled to the primary IgM must be considerably below 100%. In addition, although glutaraldehyde was applied to covalently cross-link the secondary IgG with the primary antibody to the section surface, we cannot exclude the possibility that a portion of it is lost during the preparation.
The high sensitivity of the DNA immunostaining is a consequence of the properties of the IgM antibodies applied. IgM molecules consist of 10 F(ab) fragments, which contribute to efficient binding to fine but fibrillar structures. The size of the IgM produces a lateral spread of the staining of DNA-containing structures. The extended size of the IgM antibody also allows multiple binding sites for the secondary IgG antibodies, and thus the observed strong amplification effect. This feature is visible in the DNA immunostaining of the excrescences of the coralline-shaped bacterial nucleoid (Bohrmann et al.. 1991) . The immunostained excrescences of DNA are broader than the ribosome-free spaces that define them.
The special potency of the described DNA immunostaining technique is due to its high specificity and sensitivity. In principle, the method should be applicable for the overall localization of other abundant macromolecules, e.g., RNA, proteins, or lipids. More generalized antibody immunostaining could be able to detect the distribution of any kind of macromolecules and should therefore be appropriate for the three-dimensional reconstruction from serial sections of any intricate meshwork. Preliminary experiments with other resins of the Lowicryl series, such as K4M and HM23, suggest that they can be applied for DNA immunostaining.
Chemically fixed samples, at least if aldehydes are applied, should in theory be usable also. However, in such cases, antigenic sites might be influenced by the fixative and antibody binding reduced. An additional problem is encountered in dealing with low protein-containing chromatin, such as that found in bacteria. Bacterial chromatin suffers severe aggregation artifacts after aldehyde fixation and dehydration in organic solvents at ambient temperatures (Kellenberger and Arnold-Schulz-Gahmen, 1992) .
The technique of DNA immunostaining can be combined with other heavy metal staining or immunolabeling techniques. Heavy metal staining with lead hydroxide according to Millonig (1961) was employed for improved staining of other cellular details. DNA immunostaining can also be used in double-labeling approaches. Immunogold labeling has previously been used in combination with DNA immunostaining to directly prove the involvement of the histone-like protein HTa from the archaebacterium Tbermopkzsmu midopbiium in DNA compaction (Bohrmann et al., 1990) . Immunogold labeling of RNA polymerases and topoisomerases is possible and might provide new information about regions of chromatin in particular metabolic states. Combination with in situ hybridization procedures (Hutchison, 1984) that permit the ultrastructural localization of specific DNA sequences can also be envisaged.
